The purpose of this study was to determine the occurrence of and the regulatory mechanisms involved in priming of the pituitary to GnRH before the preovulatory LH surge in sheep. Experiment 1: Forty-two ewes had progestagen devices removed after 14 days and were assigned to luteal (Lut) or follicular (Foll) groups. Fifteen days later, blood sampling was initiated either immediately or 36 h after induced luteolysis in groups Lut and Foll, respectively. After 4 h, ewes were administered either saline (n ‫؍‬ 5) or 250 ng (n ‫؍‬ 8) or 10 g (n ‫؍‬ 8) of GnRH. Five ewes per treatment group were killed 1 h later, while remaining animals were blood sampled for a further 7 h. Experiment 2: Eighteen ewes were allocated to Lut and Foll groups (described above). Blood samples were collected from 2 h before GnRH (10 g) treatment until 7 h after. Despite up-regulated GnRH-R mRNA levels in Foll ewes, pituitary content and plasma levels of LH and LH␤ mRNA levels were similar between groups. Mean FSH␤ mRNA and plasma FSH levels were elevated in Lut ewes but declined after GnRH treatment. Inversely, plasma estradiol and inhibin-A concentrations were higher in Foll ewes and declined after GnRH treatment. Fewer LH 
INTRODUCTION
Potentiation of pituitary gland's responsiveness to GnRH before the onset of the preovulatory LH surge and ovulation in women, monkeys, sheep, and rats [1] [2] [3] [4] [5] [6] [7] is thought to be due to a self-priming mechanism within the gonadotrope cell. Although this mechanism is not fully understood, it is believed to be facilitated, at least in part, through increased numbers of GnRH receptors (GnRH-R) on gonadotropes. Regulation of mRNA expression levels and subsequent 1 Supported by a postdoctoral fellowship to J.L.C. from the Journal of Reproduction and Fertility Ltd./Society for Reproduction and Fertility. numbers of GnRH-Rs are mediated through the opposing effects of estradiol (E 2 ) and progesterone (P 4 ). E 2 up-regulated GnRH-R gene expression and subsequent concentration [3, [8] [9] [10] [11] [12] [13] [14] and modified postreceptor mechanisms that influenced LH secretion [11] . Prolonged exposure to E 2 appeared necessary for maximum pituitary responsiveness to GnRH, although sustained E 2 levels were not required for maintenance of the surge once initiated [15] . In contrast, addition of P 4 to ovine pituitary cultures reduced GnRH-R mRNA levels and partially suppressed the upregulation induced by E 2 plus inhibin [16] . Low levels of P 4 at the time of onset of the preovulatory surge in rats [17] and monkeys [18] and elevated P 4 levels during the luteal phase [9, 19] followed by a rapid decrease 48 h before the surge [20] in ewes appears to be necessary for maximum positive feedback action of E 2 on GnRH-R mRNA levels. Furthermore, the onset of the preovulatory LH surge induces an increase in P 4 in rats [21] , mice [22] , rhesus monkeys [23] , and women [24, 25] ; however, ovine preovulatory follicles appear to be incapable of synthesising P 4 and thus would suggest that P 4 does not play a role in the priming of gonadotropes in sheep [26] .
A further possibility is that self-priming may be delayed by a functional GnRH antagonist, the putative ovarian factor gonadotropin surge-inhibiting/attenuating factor (Gn-SIF/AF) [27] [28] [29] which maintains the gonadotrope in a hyporesponsive, unprimed state to stimulation by GnRH. It is suggested that each endogenous pulse of GnRH results in de novo synthesis of unidentified pituitary proteins, which subsequently neutralize the inhibitory actions of GnSIF/AF [30] [31] [32] . This antagonistic seesaw continues until GnRH pulse frequency increases to approximately three pulses per hour and the inhibition by GnSIF/AF cannot overcome the stimulation by GnRH, and consequently, the LH response to GnRH increases [31] , which ultimately culminates in the preovulatory LH surge. However, the identity of this putative GnSIF/AF factor remains unknown [33] and so it's role in timing of the onset of the preovulatory LH surge is unclear.
Increased binding of GnRH to its receptor during the late follicular phase [6, 8] provokes a cascade of intracellular events that assist in the amplification of the release of LH. These events involve lengthening and change in orientation of microfilaments relative to the plasmalemma [34, 35] , mobilization of secretory granules to an area of membrane juxtaposed to the plasmalemma [35, 36] , decrease in secretory granule size [37] , potentiation of inositol 1,4,5-triphosphate and intracellular calcium mechanisms and protein kinase C [38] [39] [40] , and activation of microtubule-activated protein kinase [41] . Intracellular trafficking, storage, and secretion of granules within gonadotropes may partly be facilitated through the actions of granins (secretogranin II [CgB]). A close physical association between granins and gonadotropins within granules has been identified in rats [42] [43] [44] [45] , sheep [46] , and mice [47] . Additionally, we have recently identified the involvement of granins in the sorting of LH into storage granules under the apparent regulation of GnRH in mice [47] .
The objective of the present study was to determine whether priming of gonadotropes could be demonstrated in ewes and the role granins may play during any such period of gonadotrope self-priming. We hypothesized that the pituitary gland would be in a hyperresponsive state during the late follicular phase and that administration of GnRH would result in increased LH secretion in these animals compared with luteal ewes. Regulatory mechanisms at play during this time in comparison with the luteal phase of the estrous cycle should highlight any involvement of granins in the intracellular sorting, storage, and secretion of gonadotropins in the ewe.
MATERIALS AND METHODS

Experimental Animals
These studies were performed at the Marshall Building, Roslin, Edinburgh, UK, and all animal procedures were approved and conducted in accordance with the Home Office Animals (Scientific Procedures) Act 1996 of the United Kingdom.
Experiment 1
Forty-two Scottish black-face ewes exhibiting normal reproductive cycles were used in this study. In November, progesterone-impregnated sponges (60 mg medroxy-progesterone acetate per sponge; Intervet Laboratories Ltd., Cambridge, UK) were inserted in all animals. After 14 days in situ, sponges were withdrawn and ewes were randomly assigned to luteal (Lut; n ϭ 21) and follicular (Foll; n ϭ 21) groups. A blood sample was collected by jugular venepuncture from all animals 9 days after sponge withdrawal and P 4 levels were measured to ensure all animals had subsequently ovulated.
Luteal ewes: On Day 15 of the subsequent estrous cycle, ewes had catheters inserted into the jugular vein and blood samples were collected every 15 min for 4 h to determine the pulsatile frequency of LH. Ewes were then administered either 250 ng (Lut-Low; n ϭ 8) or 10 g (LutHi; n ϭ 8) of GnRH (Sigma Chemical Co., St Louis, MO) in 1 ml physiological saline or the vehicle alone (Lut-Con; n ϭ 5) and blood samples were collected every 10 min for 1 h. These doses of GnRH (250 ng or 10 g) have been shown to induce a release of LH equivalent to the amplitude of an endogenous LH pulse in the early follicular phase of the cycle [48] or similar to a preovulatory LH surge [36] , respectively. Five randomly selected ewes per group were immediately killed thereafter with an overdose of sodium pentobaritone (Euthatal; Rhone-Merieux Ltd., Harlow, Essex, UK) while the remaining animals (n ϭ 3 Lut-Low and n ϭ 3 Lut-Hi) were blood sampled every 30 min for 7 h to monitor gonadotropin secretion.
Follicular ewes: On Day 15 of the subsequent estrous cycle, luteolysis was induced in ewes by injection (i.m.) of prostaglandin F 2␣ (PG; 100 mg cloprostenol; Estrumate; Coopers Animal Health Ltd., Crewe, Cheshire, UK) and blood samples were collected every 8 h for 32 h. Jugular catheters were then inserted in all ewes and blood samples were collected every 10 min for 4 h. At 36 h post-PG injection, ewes were administered either 250 ng (Foll-Low; n ϭ 8) or 10 g (Foll-Hi; n ϭ 8) of GnRH (Sigma Chemical Co.) in 1 ml physiological saline or the vehicle alone (Foll-Con; n ϭ 5). Blood samples were collected every 10 min for 1 h and five randomly selected ewes per group were immediately killed, while the remaining animals (n ϭ 3 Foll-Low and n ϭ 3 Foll-Hi) were blood sampled every 30 min for a further 7 h.
Ewes that were retained for extensive hormone profiles were not killed at the end of the experimental period. Immediately after death in all other ewes, pituitary glands were extracted and a small section was separated from the adenohypophyseal midregion for ultrastructural analysis. The remainder of the pituitary gland was divided into two pieces for storage in liquid nitrogen for molecular biological analysis. Ovaries were examined for presence of corpora lutea (CL) and stage of follicle development, size, and presence of ovulation stigma.
Experiment 2
Several ewes that were in the late follicular phase in experiment 1 underwent preovulatory LH surges before or during the sampling period. Therefore, in the following year, an additional 18 Scottish black-face ewes were included to confirm the differences in hormonal profiles found in experiment 1 between ewes in the luteal and late follicular stage after treatment with the high dose (10 g) of GnRH. Ewes had estrous cycles synchronized exactly as described in experiment 1, progesterone-impregnated sponges were removed in November and were randomly assigned to either luteal (n ϭ 9) or late follicular (n ϭ 9) groups. All ewes had jugular catheters inserted immediately before the blood-sampling period.
Luteal ewes: Fifteen days after implant removal, ewes were blood sampled every 30 min for 2 h before administration of 10 g GnRH. Blood sampling continued every 10 min posttreatment for the next hour and then every 30 min for the following 7 h. Follicular ewes: Luteolysis was induced (described in experiment 1) 15 days after progesterone implant withdrawal and blood sampling was initiated 36 h later. The blood-sampling and treatment (10 g GnRH) protocol was identical to that undertaken in the luteal ewes with the exception that additional daily blood samples were collected for a further 9 days after treatment to monitor P 4 concentrations.
Northern Blots
Total RNA was extracted from frozen pituitary tissue and LH␤, FSH␤, and ␣-gonadotropin subunit (␣GSU) mRNA levels were quantified from 15 g total RNA samples, while mRNA levels for GnRH-R, activin-RIIB, estrogen receptor ␣ (ER␣), SgII, CgA, and CgB were quantified from 30 g total RNA samples by Northern hybridization analysis using an appropriate 32 P-labeled cDNA probe. The preparation of all the 32 P-labeled cDNA probes has previously been described [8, 46, 49, 50] . Uniformity of loading was measured by reprobing the membrane with rat 18s ribosomal RNA. The intensity of the bands were quantified using a phosphorimaging system (860; Molecular Dynamics, Kent, UK) and changes in specific mRNA levels were expressed as corrected values relative to 18s rRNA levels.
Ultrastructural Studies
Small sections of pituitary glands that were assigned for analysis by transmission electron microscopy (TEM) were further divided into 1-mm 3 pieces and immediately fixed and processed using a modification of a method described in Berryman et al. [51] . Ultrathin sections (80 nm) were cut with a 4-mm ultradiamond knife (45Њ; Leica UK Ltd., Milton Keynes, UK) using a Reichert Jung Ultracut ultramicrotome (Leica UK Ltd.) and mounted on 0.25% (w/v) formvarcoated hexagonal 200 mesh gold grids (Agar Scientific Ltd.). Gonadotropes were identified by an immunogold labeling method using a monoclonal antiserum against bLH␤ (518B7; JF Roser, Department of Animal Science, University of California, CA) [52] and were also labeled for SgII using a rabbit-raised antiserum against bSgII (Pel-Freez Biologicals, Rogers, AR). Mounted sections were blocked with 5% (v/v) normal goat serum in Tris histochemical buffer (THB, 0.02M Tris, 0.5M sodium chloride, and 0.1% [w/v] BSA, pH 8.2) and then washed in THB. After 2 h of incubation in LH antiserum (5 g/ml), sections were washed in THB and incubated for a further 2 h in goat anti-mouse IgG-gold particle-conjugated secondary antibody (1:50, 5-nm-diameter gold particles for monoclonal antisera; British Biocell International). Sections were washed in THB and then ddH 2 O. This process was repeated for double immunogold labeling using SgII primary antibody (1:1000) and goat anti-rabbit IgG-gold particleconjugated secondary antibody (1:50; 10-nm-diameter gold particles for polyclonal antisera; British Biocell International). After the final wash step, sections were fixed in 4% (v/v) glutaraldehyde (25% EM grade) and then triple stained in Reynolds lead citrate (10 min; 0.08 M lead nitrate, 0.12 M trisodium citrate, and 0.16 M sodium hydroxide), 2% (w/v) uranyl acetate (1 h,) and again in Reynolds lead citrate (10 min), washing thoroughly in ddH 2 O between incubations. Sections were viewed under a Philips CM120 Biotwin TEM.
Stereological Analysis
One block of pituitary tissue was randomly selected for five animals in each of the following experimental groups: Lut-Con, Lut-Hi, Foll-Con, and Foll-Hi. Within one section from each block, every second gonadotrope cell in every second hexagonal grid slot were selected until 20 immuno gold-labeled gonadotrope cells were identified. The total number of cytoplasmic granules was counted in each of these selected cells. Additionally, in every second selected gonadotrope cell, two areas of cytoplasm (containing 10 granules each) located on opposite sides of the nucleus were selected and the numbers of LH-positive/SgII-negative (LH ϩve / SgII 
/SgII
Ϫve granules were counted. Stereological determination of the size of LH␤ immunolabeled granules was conducted by systematic random selection [53] of 50 cells per animal group (10 cells/animal and 5 animals/group). TEM micrographs (magnifications ϭ 28 000ϫ) of a cytoplasmic area containing 50-200 granules were produced for each gonadotrope and then captured on a digital camera (Nikon Coolpix 990) with an image size of 2048 ϫ 1536 pixels. All granules (minimum of 1000 granules per cell) were measured by the NIH Image 1.62 Software (by Wayne Rasband, National Institutes of Health, USA) on a Mac G4 computer. Granule profile diameter and distribution size were calculated using the Schwartz-Saltykov diameter analysis [54] , which requires the granules to be spherical in shape (i.e., axial ratio ഠ 1). The calculated axial ratio for 587 randomly selected granules from five different pituitaries was 1.03 Ϯ 0.0061. Granule diameter measurements were divided into 10 class intervals defined as equal percentage increments of the maximum observed granule diameter (420 nm).
RIA
Plasma concentrations of LH and FSH were measured by homologous RIA as described previously [55, 56] using reagents kindly supplied by Professor A.F. Parlow (NHPP, Harbor-UCLA, CA). Within this study, the limit of detection for NIH ovine LH-S18 was 0.3 ng/ml and the intra-and interassay coefficients of variation were Ͻ10%. The sensitivity of USDAoFSH-SIAFP-RP2 (AFP 4117A) was 0.1 ng/ml and the intra-and interassay coefficients of variation were Ͻ10%. Circulating levels of E 2 were measured after extraction, using reagents from MAIA estradiol kit (Serono Diagnostics, Fleet, Hants, UK) and had a sensitivity of 0.2 pg/ml and intraand interassay coefficients of variation were Ͻ12% [57] . P 4 was measured by RIA without extraction exactly as described previously [58] , with a sensitivity of 0.2 pg/ml and intra-and interassay coefficients of variation were Ͻ11%. Plasma concentrations of inhibin-A were measured by ELISA as described in detail previously [49, 59] , with a 30-pg/ml sensitivity and intra-and interassay coefficients of Ͻ10%. Pituitary LH and FSH content and GnRH binding levels were measured exactly as previously described [50] .
Statistical Analysis
Four ewes in experiment 1 and two ewes in experiment 2 that were in the late follicular stage of the estrous cycle had preovulatory LH surges during the blood-sampling period and were eliminated from group statistical analysis. All values reported are means Ϯ SEM. Differences in mRNA expression levels and pituitary gland content of LH and FSH were analyzed by two-way ANOVA using a generalised linear model due to unbalanced data by Minitab Statistic Software 13.31 (Microsoft Corporation). Differences in plasma concentrations of LH, FSH, E 2 , inhibin-A, and P 4 in experiment-1 animals were analyzed using the ante-dependence analysis where possible, as in Residual Maximum Likelihood in Genstat for Windows 6th edition, Version 6.1.0.234 (VSN International Ltd., Oxford, UK). In some instances, usually after the hormone level had peaked, the autoregressive model was used because ante-dependence could not be calculated, possibly due to strong correlations. The autoregressive model assumes the same correlation between the time points while the ante-dependence model allows the correlations to change. Both methods of analysis were completed using Genstat. The parameters of the LH and FSH surges in ewes in experiments 1 and 2, LH pulse frequency and amplitude in experiment-1 ewes, and changes in granule numbers, populations, and antigenicity were analyzed using two-way ANOVA by Minitab Statistic Software 13.31. The difference between individual plasma LH and FSH concentrations at each time point in the three representative ewes that had exhibited a preovulatory LH surge (5B55, 7Y438, and BF16) compared with the values in the remaining ewes in their experimental groups that had not undergone a surge (reference ewes) were analyzed by Student ttest. Shifts in granule diameter distribution were analyzed after square-root transformation by ANOVA in Genstat.
RESULTS
The comparisons between ewes in the luteal or late follicular stages of the estrous cycle are referred to as stages, and the comparisons between ewes given 250 ng or 10 g GnRH or the vehicle alone are referred to as treatments.
Pituitary-Derived mRNA Expression Levels Experiment 1. There were no significant differences in mean LH␤, ␣GSU, SgII, CgA (3.2-kilobase [kb], 2.8-kb, 2-kb, 1.3-kb, or Յ1-kb transcripts), CgB, ER␣, and activin-R(IIB) mRNA expression levels between stages or treatments (Fig. 1) . In contrast, stage and treatment effects were observed for both mean FSH␤ and GnRH-R (1.5-kb transcript) mRNA levels. Overall, mean FSH␤ expression levels were higher (P Ͻ 0.05) in luteal compared with follicular ewes and lower (P Ͻ 0.05) in ewes that received the high-dose GnRH treatment compared with low-dose GnRH treatment or saline. Mean FSH␤ mRNA levels (P Ͻ 0.05) were diminished in luteal ewes after the 10-g dose of GnRH compared with all other luteal ewes. Additionally, mean FSH␤ mRNA levels were higher (P Ͻ 0.05) in luteal ewes administered 250 ng GnRH compared with equivalent follicular ewes (Fig. 1b) . Mean mRNA expression levels for all GnRH-R transcript sizes (5.6 kb, 3.7 kb, 2.1 kb, 1.5 kb, and Յ1 kb) were elevated in follicular (P Ͻ 0.0001), compared with luteal, ewes (data not shown). Moreover, both doses of GnRH resulted in further upregulation (P Ͻ 0.05) of the 1.5-kb transcript of GnRH-R mRNA in follicular ewes only (Fig. 1h) .
Pituitary Content of Gonadotropins Experiment 1. Mean LH and FSH content in pituitary glands were expressed as corrected values relative to total protein content. Mean pituitary LH and FSH content and mean ratio of LH:FSH content were similar between stages and treatments (Fig. 2) . However, mean pituitary contents of LH (47.35 Ϯ 4.33 vs. 6.69 Ϯ 0.89 ng/g protein) and FSH (1.02 Ϯ 0.10 vs. 0.16 Ϯ 0.02 ng/g protein) were diminished (P Ͻ 0.05) in those ewes that exhibited a preovulatory LH surge during the blood-sampling period although the ratio of LH:FSH content was similar to that in ewes that had not had a preovulatory surge (Fig. 2) .
Plasma Concentrations of Gonadotropins, Estradiol, Inhibin-A, and Progesterone Experiment 1. Pulse frequency of LH was threefold higher (P Ͻ 0.0005) in follicular compared with luteal ewes; however, pulse amplitude was not different between stages (Table 1) . While basal LH levels appeared elevated in late follicular ewes, this was not significant due to variability of data. Mean plasma LH concentrations increased (P Ͻ 0.001) after administration of GnRH in a dose-dependent manner. The lack of difference between stages in regard to plasma LH concentrations after GnRH administration may have been due to a lack in animal numbers (n ϭ 2-3; Fig. 3a) ; hence, the addition of experiment 2. Similarly, the response to GnRH in relation to both duration of LH surge and total amount of LH released were unchanged regardless of stages (Table 1) . Mean plasma FSH concentrations were higher (P Ͻ 0.001) during the pre-and initial posttreatment (10-60 min) periods in luteal compared with follicular ewes, but thereafter, there was no difference. Administration of GnRH resulted in an increase (P Ͻ 0.001) in plasma FSH concentrations in a dose-dependent manner. Although the amplitude of the FSH surge was similar between stages after administration of 10 g of GnRH, more FSH (P Ͻ 0.05) was released between 0 and 270 min postGnRH in follicular, compared with luteal, ewes (Fig. 3b) . Mean plasma E 2 concentrations were higher (P Ͻ 0.001) in follicular compared with luteal ewes during the pre-and initial posttreatment (10-60 min) period, although administration of GnRH to follicular ewes resulted in a decline to levels similar to that observed in luteal ewes (Fig. 3c) . Similarly, mean inhibin-A concentrations were elevated (P Ͻ 0.005) in follicular ewes during the pre-and initial posttreatment (10-60 min) period; however, this difference was negligible following administration of GnRH (Fig. 3d) . Plasma P 4 concentrations were elevated (2.38 Ϯ 0.21 ng/ ml) at 9 days after sponge withdrawal in all ewes. Mean P 4 concentrations during the intensive blood-sampling period (Ϫ240 to 60 min posttreatment) ranged from 2.51 Ϯ 0.22 to 3.26 Ϯ 0.41 ng/ml and 0.23 Ϯ 0.12 to 0.32 Ϯ 0.11 ng/ml in luteal and late follicular ewes, respectively. Experiment 2. Mean pretreatment basal LH concentrations were higher (P Ͻ 0.05) in follicular, compared with luteal, ewes (Table 1) ; however, posttreatment basal levels were similar (data not shown). Administration of 10 g GnRH resulted in an immediate increase (P Ͻ 0.001) in LH concentrations although mean LH concentrations during the surge were not different between stages (Fig. 4a) . Similarly, the attributes of the LH surge (mean total amount of LH released during the surge, duration, amplitude, and duration to maximum concentration) were comparable between stages (Table 1) . Mean pre-and posttreatment (10-60 min) FSH concentrations were higher (P Ͻ 0.001) in luteal compared with follicular ewes, although levels were similar after 60 min posttreatment. The total amount of FSH released during the surge was similar between stages (Fig. 4b) . Mean P 4 concentrations during the intensive blood-sampling period (Ϫ120 to 420 min posttreatments) ranged from 7.25 Ϯ 1.60 to 7.82 Ϯ 0.72 ng/ml and 0.10 Ϯ 0.01 to 0.31 Ϯ 0.08 ng/ml in luteal and late follicular ewes, respectively. Mean P 4 concentrations progressively increased from Day 5 (0.87 Ϯ 0.09 ng/ml) after the intensive blood-sampling period until the end of the experiment (Day 9; 4.46 Ϯ 0.52 ng/ml) in late follicular ewes.
LACK OF GONADOTROPE PRIMING TO GnRH IN EWES
Natural preovulatory LH surge. Three ewes that were in the late follicular stage and were treated with GnRH exhib- ited the onset of a preovulatory LH surge during the sampling period. Representative profiles of LH and FSH for these ewes were compared with the profile range from ewes in the same group (reference ewes) that had not yet had a preovulatory LH surge (Fig. 5) . One experiment-1 ewe (5B55) was administered 250 ng of GnRH and exhibited the onset of a preovulatory LH surge at approximately 360 min after treatment. The surge in LH levels immediately following treatment in 5B55 was not different from concentrations measured in the reference ewes although plasma LH concentrations were elevated from 360 min posttreatment (Fig. 5ai) . Plasma FSH concentrations in 5B55 were not different from that measured in the reference ewes (Fig.  5bi) . Another experiment-1 ewe (7Y438) was administered 10 g of GnRH and had elevated (P Ͻ 0.05) plasma LH levels at several time points during the pretreatment period compared with reference ewes. Plasma LH levels rose progressively in this animal from Ϫ80 min posttreatment until levels plateuxed at 10 min posttreatment and then started to decline by 390 min posttreatment (Fig. 5aii) . Plasma FSH concentrations in 7Y438 were higher (P Ͻ 0.05) at Time 0 to 180 compared with the reference ewes (Fig. 5bii) . Similarly, one experiment-2 ewe (BF16) that was in the late follicular stage and treated with 10 g of GnRH exhibited a preovulatory LH surge at the time of GnRH administration, and plasma LH levels were markedly higher after 60 min posttreatment until the end of the sampling period compared with reference ewes, although FSH levels were similar. Interestingly, the amplitude of LH levels was higher at 60-150 min after GnRH treatment compared with that released during the sustained release period (from 180 min posttreatment) in this ewe. Two late follicular ewes in experiment 1 (ewe 7Y333 in group Foll-Con and ewe 8B040 in group Foll-Hi) displayed a preovulatory LH surge at the first intensive sampling time (Ϫ240 min) and treatment with 10 g GnRH in ewe 8B040 at 0 min did not alter the natural progression of the LH surge (data not shown).
Total Number and Antigenicity of Granules
The total number of granules in 80-nm-sectioned immuno-identified gonadotropes was similar between experimental groups regardless of stages or treatments (Fig. 6a ). There were fewer (P Ͻ 0.05) LH ϩve /SgII Ϫve granules within gonadotropes of follicular ewes, irrespective of treatment (Fig. 6bi) 6 , bii and biii). There was an interaction (P Ͻ 0.05) for antigenicity of granules for LH (defined as the number of LH-conjugated gold particles/granule), whereby antigenicity was similar between stages in control animals but treatment with 10 g GnRH resulted in an increase and decrease in antigenicity in luteal and follicular ewes, respectively (Fig. 6ci) . Similarly, there was an interaction (P Ͻ 0.05) for granular antigenicity for SgII, wherein there was no difference between stages in control animals but administration of 10 g GnRH caused a decrease and increase in antigenicity for SgII in luteal and follicular ewes, respectively (Fig. 6cii) . The distribution of numbers of granules per mm 3 cytoplasm for each granule-size modal class was similar between luteal and late follicular ewes, but the distribution appeared to shift after treatment with 10 g of GnRH; however, this was not significant due to variability of the data (Fig. 7) . The Schwartz-Saltykov analysis demonstrated the existence of a class of granules of approximately 84-126 nm in diameter (modal class 0.3) in all control ewes; however, in similar ewes at 60 min after 10 g of GnRH, this class of granule had disappeared. Equally, there appeared to be fewer of the next class of granules (modal class 0.4; approximately 127-168 nm in diameter) in all ewes at 60 min after GnRH treatment compared with control ewes, although again this was not significant due to variability of data. The modal class containing the largest number of granules in all groups regardless of stage or treatment was 0.5 (169-210 nm in diameter). 
LACK OF GONADOTROPE PRIMING TO GnRH IN EWES
Ovarian Morphology
Ovaries were examined in all ewes killed at the end of the experimental procedure and at least one large follicle (Ͼ6 mm) as well as pale corpora albicians were present on the ovaries of all late follicular ewes. While ovaries from luteal ewes also contained numerous follicles, only one animal had a 6-mm follicle present and all ovaries contained large, red corpora lutea.
DISCUSSION
The lack of evidence for self-priming of the pituitary gland in late follicular ewes in this study was surprising considering all endocrinological and gross morphological data suggested these animals were very close indeed to the onset of the preovulatory LH surge that occurs before ovulation. This evidence includes elevated levels of E 2 and inhibin-A, upregulation of GnRH-R mRNA levels, suppressed FSH concentrations, a threefold increase in LH pulse frequency, and the presence of at least one dominant, large, antral follicle (Ͼ6 mm) on the ovaries. In addition, 6/30 ewes in the late follicular phase exhibited a preovulatory LH surge during the blood-sampling procedure, verifying that the synchrony protocol used in this study resulted in the majority of late follicular ewes being as close as possible to the onset of the LH surge. While ovaries from luteal ewes also contained numerous follicles, only 1/21 animals had a 6-mm follicle present and all ovaries contained large, red corpora lutea. Despite this, mean plasma LH concentrations and the total amount of LH released after stimulation with GnRH were not different between ewes in the luteal or late follicular stage of the estrous cycle.
Interestingly, of the six ewes that exhibited a preovulatory LH surge during the sampling period, only one exhibited potentiation of the pituitary gland to a bolus of GnRH. The profile of LH release in BF16 suggests that the onset of the preovulatory LH surge occurred at the exact time of GnRH administration. The peak value of 144.6 ng/ml in 231 LACK OF GONADOTROPE PRIMING TO GnRH IN EWES   FIG. 7 . Comparison of mean Ϯ SEM granule diameter distribution of gonadotropes, as determined by Schwartz-Saltykov analysis, in groups of ewes in the (a) luteal and (b) late follicular stage of the estrous cycle at 60 min after administration of either (i) saline or (ii) 10 g of GnRH. Class intervals are 10% decrements of the maximum granule diameter observed (D max ϭ 420 nm).
this animal occurred at 90 min posttreatment and was markedly higher than LH plasma concentrations observed in any other ewe that underwent a preovulatory LH surge in this study. Additionally, plasma LH levels declined to within the normal range (30-50 ng/ml) of a preovulatory LH surge at approximately 180 min posttreatment, a similar duration to the exogenously induced surges. Plasma FSH concentrations in this animal were not different from other late follicular ewes that were administered the same dose of GnRH (10 g), suggesting that mono-hormonal granules (i.e., LH ϩve /FSH Ϫve ) were released preferentially at this time. Interestingly, the onset of a preovulatory LH surge occurred at 360 min post-GnRH administration in ewe 5B55; however, plasma LH concentrations in this ewe were not different from other ewes in the same group in response to exogenous GnRH. Therefore, if potentiation of the pituitary gland does indeed occur before the preovulatory LH surge, it occurs sometime within 6 h before the surge. Furthermore, the onset of the preovulatory LH surge occurred at Ϫ60 min post-GnRH treatment in ewe 7Y438, which explains the elevated plasma LH concentrations at time 0-60 min posttreatment compared with the reference ewes. Plasma LH concentrations in this ewe were within the normal range for a preovulatory LH surge (Յ60 ng/ml), which suggests that administration of exogenous GnRH had no effect once the surge had been initiated.
The lack of potentiation of the pituitary gland to GnRH at impending ovulation in ewes in this study suggests that the priming mechanism(s) involved in the generation of the preovulatory LH surge may be at the level of the hypothalamus rather than at the pituitary gland. Endogenous opioid peptides (EOPs) have been shown to act at the level of the hypothalamus to suppress LH release by modulating steroidal negative feedback on the hypothalamus, thereby inhibiting GnRH release in numerous mammalian species [60] [61] [62] [63] [64] [65] [66] . Consequently, perturbation of the EOP system in the ewe through administration of an opioid antagonist augments GnRH secretion into the hypophysial portal vasculature and results in a large-amplitude GnRH pulse, which subsequently causes a large-amplitude pulse of LH to be released from the pituitary gland [62] . Additionally, the content of GnRH in the hypothalamic region has been shown to change during the estrous cycle in rats, with peak content occurring on the evening of the second day of diestrus [67] , at a time of increased receptivity, in relation to LH secretion, of the hypothalamus to opioid antagonists [68] .
A lack of change in steady-state levels of LH␤ in ewes at different stages of the estrous cycle and divergence between plasma LH concentrations and LH␤ mRNA levels is characteristic of regulated secretory proteins due to their ability to be stored and thus released in response to ligand stimulation, in this case GnRH, without the necessity for de novo protein synthesis. These results confirm our previous observations in the ewe [8, 36, 46] of a lack of change in steady-state levels of LH␤ mRNA despite a reduction in LH␤ transcription rate in ewes at impending ovulation [69] . This disparity appears to be achieved through posttranscriptional regulation, including alterations in mRNA stability and/or translation efficiency. This is at least in part facilitated through changes in the length of the 3Ј-poly(A) tail [70] of LH␤ transcript in ewes at different stages of the estrous cycle with greater polyadenylation being prevalent in follicular, compared with luteal, ewes [46] . Conversely, FSH␤ mRNA levels reflect the same pattern as plasma FSH concentrations, which is representative of a protein that is predominantly secreted in a constitutive manner [26] . Both FSH␤ mRNA and subsequent plasma FSH levels were low in control ewes in the late follicular phase presumably due to the negative feedback effects of the elevated levels of E 2 [71] and inhibin-A [72, 73] observed in these ewes. Removal of these negative feedback effects [50, 74, 75] together with augmented P 4 levels [76] [77] [78] and possibly lower GnRH pulse frequency [79] was most likely to be responsible for the elevated FSH␤ mRNA levels and subsequent increased plasma FSH concentrations observed in the luteal-control ewes. Administration of either dose of GnRH in late follicular ewes resulted in a decline both in plasma E 2 and inhibin-A concentrations to levels observed in luteal ewes and subsequently plasma FSH concentrations were also comparable between stages after GnRH stimulation. This decline in E 2 is probably due at least in part to the GnRH-induced increase in plasma concentrations of LH as shown previously to occur at the onset of the natural preovulatory LH surge in the ewe [71] .
Constant levels of ␣GSU mRNA, regardless of estrous cycle stage, supports the concept that ␣GSU is not rate limiting in the production of dimeric LH and FSH [80] [81] [82] . Similarly, mRNA levels of SgII, CgA, CgB, ER␣, and ActRIIB were comparable between stages and after treatment with GnRH. The lack of change in granin mRNA expression levels regardless of GnRH input to the pituitary gland has also been observed in male mice [47, 83] ; however, while exposure of GnRH to a mouse gonadotrope cell line (L␤T2 cells) did not effect SgII mRNA levels, it has been shown to have a regulatory action on CgA mRNA levels [84] . Levels of all mRNA transcript sizes of GnRH-R were elevated in late follicular ewes compared with that in luteal ewes, as reported previously [9] , and administration of 10 g of GnRH resulted in an upregulation of the 1.5-kb transcript in luteal ewes. GnRH-R mRNA levels and subsequent numbers of GnRH-R are regulated through the stimulatory actions of E 2 [6, 9, 12, 16] , inhibin [9, 20] , and high frequency pulses of GnRH [85, 86] , and both E 2 and inhibin-A concentrations as well as LH pulse frequency were shown to be elevated in the follicular phase ewes in the present study. These results suggest either that increased GnRH-R mRNA levels may not necessarily be translated into increased numbers of GnRH-Rs or that alterations in GnRH-R numbers may not be directly related to the amount of LH released in response to GnRH at any one time, but perhaps may facilitate changes in the frequency of LH release from gonadotropes.
Despite substantial amounts of LH and FSH being released during the first hour in response to a bolus of GnRH in both luteal and late follicular ewes in this study, pituitary content of gonadotropins at 1 h after GnRH treatment were similar in these ewes compared with controls. This emphasizes the capacity of gonadotrope cells to store copious amounts of both LH and FSH. Only during and after a complete preovulatory LH surge has the gonadotrope cell significantly depleted its stores of LH [8, 87] , after which replenishment of storage granules containing LH was first observed sometime between 24 and 48 h postsurge [87] . A reduction in LH and FSH pituitary content was evident in the few ewes that were killed in the midst of an endogenous preovulatory surge in the present study.
Due to the lack of change in pituitary content of LH and FSH despite estrous stage and GnRH treatment, it is not surprising that the total number of storage granules in gonadotropes of ewes in this study also did not differ. However, the apparent shift in distribution of numbers of granule size classes in this study after stimulation with GnRH has been observed previously during similar physiological events in both sheep [36, 87] and mice [47] . The disappearance of all granules of 84-126 nm in diameter and the attenuation in numbers of granules of 127-168 nm in diameter in ewes at 1 h after GnRH administration suggests that it was these granules that underwent exocytosis and were secreted into the blood stream. The pathway through which nascent storage granules form begins with a protuberance of the trans-Golgi network to create a condensing vacuole [88, 89] that transforms into an immature granule capable of stimulus-dependent secretion [90, 91] only on detachment from the trans-Golgi network [92] . Maturation of an immature granule to a mature secretory granule involves an apparent reduction in volume and surface area [93] as well as an increase in dry-mass concentration [94] that results in an extremely stable electron-dense core [92] , which may be separated from the membrane by a halo of space [95] . In support, we have reported that blocking GnRH input to the pituitary gland in male mice results in an unusually high proportion of electron-dense (presumably mature) granules in gonadotropes, which subsequently disappeared following stimulation with GnRH agonist [47] . We have also provided indirect evidence that the smallest sized granules were preferentially released from the storage pool in polarized (readily releasable) gonadotropes in sheep [36] . Therefore, the apparent disappearance of the smaller sized granules conforms to the hypothesis that newly formed storage granules are larger in size while the smaller sized storage granules are more mature and are in a readily releasable state for secretion into the blood stream upon stimulation of the gonadotrope cell by GnRH.
We have previously shown that intragranular associations between granins and gonadotropins appear to be regulated by GnRH in adult male mice [47] . A lack of GnRH input to the pituitary gland by immunoneutralization resulted in increased intragranular coaggregation of LH and SgII, and administration of Buserelin to these GnRH-deprived mice resulted in the subsequent disappearance of LH ϩve /SgII ϩve granules, presumably via exocytosis. In contrast, the numbers of LH ϩve /SgII Ϫve granules remained unaffected by GnRH treatment, leading to the conclusion that LH ϩve /SgII ϩve granules were involved in the regulated secretory pathway and were therefore stored until extracellular stimulation by GnRH resulted in exocytosis, while LH ϩve /SgII Ϫve granules were destined for constitutive release. The similarities between numbers of LH ϩve /SgII ϩve granules in ewes in this study regardless of stage or treatment is perhaps a reflection of both the enormous storage capacity of gonadotropes and the release of only a minute fraction of the total amount of gonadotropins stored in response to GnRH in these ewes as reflected by the lack of effect on pituitary content of LH and FSH. Basal levels of LH were significantly elevated in follicular, compared with luteal, ewes in experiment 2, and while basal LH levels appeared to be higher in follicular ewes in experiment 1, this difference was not significant due to variability of the data. These observations suggest that basal LH levels do indeed increase during the late follicular phase, and it is interesting to note that this was associated with a reduction in numbers of LH ϩve /SgII Ϫve granules, supporting our hypothesis based on studies in the mouse [47] that these LH ϩve /SgII Ϫve granules were released in a constitutive manner to maintain basal plasma LH concentrations. LH antigenicity was observed to increase in luteal ewes after GnRH administration and decreased in late follicular ewes after GnRH administration in this study. Interestingly, the interaction observed for antigenicity of granules for SgII was the complete reverse of this. We have previously hypothesized that coaggregation of LH with SgII results in packaging of granules for regulated secretion [47] , and perhaps increased antigenic properties for SgII sensitizes these granules to secondary messenger components that are activated upon extracellular stimulation by GnRH. The change in antigenic properties of granules while LH␤ and SgII mRNA levels remain constant in these ewes suggests alterations in translation efficiencies of these proteins.
In conclusion, we report no evidence of self-priming of the pituitary gland in late follicular ewes as close as 6 h before the onset of the preovulatory LH surge. Potentiation of the response of the pituitary gonadotropes to GnRH was only observed in one ewe, whereby onset of the preovulatory LH surge coincided with the exact timing of exog-enous administration of GnRH. This lack of self-priming of the pituitary gland was reflected in similarities in numbers of intracellular storage granules and granule populations in luteal and late follicular ewes, despite treatment with GnRH. However, there appeared to be fewer smaller sized granules in ewes that were treated with GnRH, supporting the hypothesis that granules undergoing maturation reduce in size and that mature granules are preferentially released after extracellular stimulation, while the disappearance of LH ϩve /SgII Ϫve granules together with increased basal concentrations of LH in late follicular ewes support previous observations that these granules are released via the constitutive secretory pathway.
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